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ABSTRACT

The major contribution of-ihis-disseration is the intraduetion—end-apptication-gB novel tech-
niques to solve a variety of distributed resource sharing problems arising in Packet Radio Networks
' (PRNETs). Some ef-thesetranscend-the immetdiate-setting-imrwhictr they are-introduced and-wouid be
- 15 applicable toa large class of r&source sharing problems in computer communication networks. The
results

/( l> ™ Problems of adapnve channel sharing algorithms: There are two major contributions falling
under this category

N( a) A novel distributed adaptive channel-access scheme. e Urn scheme, has been
derived mathematically. , The Urn scheme adapts to the channel traffic, per-
forming similar to ALOHA for light traffic and converging smoothly to Time
Division Muitiple for heavy traffic, eliminating collisions and exploiting
the full cha pacity; in the medium range, it outperforms both schemes.

_.The Ut scheme is proved to be optimal among a large class of access schemes
and it lends itself to a variety of robust distributed implementations, thus
offering a practical alternative to classicat schemes.

o\

\) b\, A novel mathematical approach to decentralized optimal resource sharing is
developed. Using this approach, a very general characterization of optimal dis-
tributed access schemes for muiti-hop networks is derived. , For a single-hop

. network the optimalty rules implies such diverse ac::ns;;/emes as ALOHA,
the U scheme and perfect-scheduling. For a -m op network, a terra-
incognita, the rule implies a_variety -of -novel, “relaxation-type, decentralized,
optimal access schemes

~ / S Problems of mrerjermg queueing processes: e problems of interfering queueing
R processes arise in computer communication networks quil€ naturally:, Queueing
processes may interfere with each other through their arrival processes (e g.. "join the
shortest queue” routing) or through their service processes (e.g., destructive collisions
in PRNETs). We develop novel analytical solutions, exact and approximate, to prob-
lems of interfering queues in PRNETSs. , We introduce a generalization of the Wiener-
Hopf factorization teclinique to soilve) some general interfering pairs of queueing
processes.
[ i s e T
“ >3 Capacitv of multi-hop nerworks: We compute the capacity of tandems and show that in
the limit, when the length of the tandem increases to infinity, the capacity converges 10
4/27 of the bandwidth. A novel phenomena of singuiar topologies (i.e., where topol-
ogy helps reduce interference) in PRNETS: is explored.

/ \
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& 1. INTRODUCTION

L1 SOME READING SUGGESTIONS

Mutscﬁmotthohtmmmhmmwanﬁufmnmmm

—g “l'."l'-.'.‘-
« &t A

computer communication networks. I have tried to make sach chapter as self
contained as possible. The unavoidable price is paid in overlaps and repetitions.
The best path to pursue in reading this dissertation is to start directly with
chapter two and use the introduction as a reference, only when the terminology

becomes unclear.

12 PACKET RADIO NETWORKS FOR COMPUTER
COMMUNICATION

1.2.1 WHAT IS A PACKET RADIO NETWORK

A Packet Radio Unit (PRU) is a digital transceiver which can generate, receive
and transmit packets of digital data, over a broadcast channel. A PRU possesses
some limited intelligence which enables it to make simple decisions, a limited
buffering facility which enables it to store packets, and a limited range of
transmission and reception, which enabdles it to form a community together

S with fellow PRUSs.

. A Packet Radio Network (PRNET) is a community of PRUs
' [KAHN7S5, KAHN77, KAHN78, KLEI76, ROBE72, FRAN7S, BURC75]. Community

members may wish to talk to each other at unpredictable times. When a direct

.
-
ot
£

T

communication is impossible (because of a limited range or physical barriers)
the PRUs may employ the network as a relay mechanism to store-and-forward




' their packets to the destinations. Some PRUs may be distinguished as terminals,
1.e., packet producers, some function as repeaters to ralay packets towards their
destinations, and some function as stations which possess special processing
capabilities. In this case; packets are generated at the terminals and relayed dy
the repeaters until they reach the station which provides the terminals with
services. Figure 1.2-1 {llustrates the typical elements of a PRNET.

Each PRU possesses a buffer where packets are stored until they are
delivered. We shall usually assume the buffer to be infinite. To develop
markovian models of the gqueueing processes in a PRNET it is necessary to
consider the state of each PRU as described by the total number stored in its
.y buffer. Many problems, however, may be solved in terms of a simpler (but

non-markovian) state description.

A PRU having a packet ready for transmission is said to be busy (also occupied,
x ready etc...); a PRU which is not busy is said to be idle (also empty, unoccupied).
The state of occupancy (business) of a PRNET is a description of the business status
of each member, in terms of a vector whose i-th coordinate assumes the value 1
iff the i-th PRU is busy, and O otherwise.

Usually the major objective of the PRNET community is to deliver packets to
destinations, with high reliability in a minimum time.

Let us examine the essential features characterizing PRNETs:
1.2.1.1 Communication channel
. The prodblem of sharing the communicstion channel is the major problem
with which we shall be concerned. Let us describe what "channel” means
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throughout this dissertation.

The communication medium is usually a radio channel. However some

PRNETs (in the broad ssnse defined above) may uss wire communication
{METC76]. In fact, ANY medium which can support a multi-access broadcast -

channel will do.

Our point of departure is precisely that at which the regime of

Communication Theory ends. That is, we assume that problems of modulation,

coding, synchronization, and the like, have all been solved one way or another.

The channel appears to us as a band stretching in time to infinity.

The channel can be slotted time-wise or frequency-wise. That is, members
of the PRNET can identify portions of the channel (thus decide upon their
ownership). The models that are considered in this work use fime slotted
channels. The important feature of time slots is that they are recognized by the;
PRUSs as the shareable portions of the communication resource. Slots are usually

" ‘of a uniform size, that which is required to deliver a packet. Thus the channel

appears as a succession of rectangular slots. We shall make the assumption that
slotting causes only negligible loss of the channel resource. This is a good

o approximation as long as the slots are not too thin relative to the

” synchronization time and the maximal propagation delay. Time slotting defines
a global reference system through which users can reach some coordinated
E chiannel usage. First it enables users to reach some agresment about channel

allocation. Second, it reduces the periods of channel waste by interfering
transmissions to half their size for unsiotted channel [ABRA73].




we further assume that the three types of channel events asre possible;
“sSuccessful” transmission slot, Le., & single PRU has been using the siot; an _4
“unused” slot, i.e., no PRU has been transmitting; a “collision”, i.e., two or more J
PRUs have made an attempt to use the same slot. Collisions are sssumed to be

destructive, i.e., no packet is dquverad by a collision slot. We shall use the
word "idle” to distinguish those slots which are unused because the system is
idle, from slots which are unused when the system is busy. The later type of
slots, to be called "empty” are & form of channel waste, while the former
represent normal idleness of the service mechanism. Figure 1.2-2 depicts our

model for the channel and possible channel events.

SYNCHRONIZATION

S

“CoOLLISION

Figure 1.2-2: Generic Channel Events
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design and analyze sharing algorithms. This places the problems (and solutions)
beyond the scope of communication theories, Indeed, the problems that-we deal
with are typical to any resl-time, decentralized, demand-allocation resource
sharing systems. The sharing of other computer network resocurces such as
distridbuted memory systems, distributed processing units or, for that matter,
any spatially distriduted resources pose similar problems. See [LESS78] for
typical examples of real-time distributed processing as well as further

references..

Simulation and analytic studies show ~- for instance [TOBA77] -- that the
communication channel is the critical network resource. That is, small changes
in the amount of channel available or its allocation policy, influence the
performance significantly. On the other hand, changes in traditional
communication resources such as buffers, have negligible effects upon
performance (a buffer for two packets in each PRU or for an infinite number of
packets, hardly makes a difference [TOBA77]). This is the first major feature in
which PRNETs differ from classical packet-switching networks.

1.2.1.2 Hearing topology

Two PRUs which hear each other are said to be in a Aearing relation. Hearing
is a binary relation which we assume to be symmetric. The assumption of
symmetry can be easily removed to get more accurate models; it is used for a

simplification of the arguments and notation.

The hearing relation may be represented in terms of a hearing graph which
characterizes the spatial distribution of the channel respurce. The hearing
graph is sudbject to a random time evolution. However, we make the assumption
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that the speed at which the hearing topology changes is very small w.r.t.
packet transmission time. That is we assume that the hearing topology is

essentially static.

1.2.1.3 Com munication traffic demand.

The arrivals of packets to the network are subject to random laws. We
assume that the communication dcmmd is bursty. That is. PRU's channel needs
are irregular, infrequent and restricted to small time intervals. Computer
communication traffic is typically very bursty. Burstiness is a key notipn to
the understanding of PRNETs design. A possible definition of a measure for
burstiness has been recently proposed [AKAV78,LAM78]. Loosely speaking,
burstiness may be characterized through moments of the arrival processes. A
first order condition is that the 'overan traffic generated over an average packet
delivery time should be small. A second order condition should reflect the time
irregularity of local arrival processes. A possitle measure is the spatial average
of the variances of packet inter arrival times; for burstiness the variance should
be large.

We model the arrival process at each PRU as a Bernoulli process whereby, at
each time slot, nature (PRNET users) tosses biased coins and decides whether to .
F generate a packet at each PRU or not accordingly. Independent, spatially 4
' distributed Bernoullf arrivals serve as a reascnable model of burstiness. i

1.2.1.4 Ob jective
The objective of the PRNET is t0 make an efficient use of the channel 50 as to
minimize the overall expected packet delay.
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and analysis of PRNETs. The study of PRNETs is in essence a study of
distributed resource sharing. As such, it has far reaching implications to other
problems of computer communication. The solutions to the problems of PRNETs
have already stimulated new ideas in such, ssemingly unrelated, fields such as
memory organization. With the advent of increasingly cheaper
communication and processing technologies, it is expected that many more
problems of distributed resource sharing will have to be solved by computer

networks (e.g., adaptive highway traffic-control, adaptive routing of a fleet of 1
vehicles, adaptive sharing of information processing resources). Although this ;i
work is concerned with problems of PRNETs, some methods and results (in -
particular chapter 2, 4 and 5) transcend the immediate setting and could be
employed to attack other problems of spatially distributed resource sharing. i
Work towards this goal will be carried in the future. *

bl 4G 2 o b e
St St it 1
P
AR AR
DR




vy
KA RS

1.2.2 SOCIAL ORGANIZATION OF PRNETS

The set-of rules that governs the usage of the communication rescurces by
the PRNET community, is called communication protocol. We shall be interested
only in the laws that regulate and coordinate the usage of the communication
channel; this being the critical resource. There is some similarity between the
problem of channel sharing and that of sharing other rare natural resources.
For instance, if transmissions sre not coordinated the channel may be polluted
with "“collisions”. On the other hand, any scheme for a dynamic coordination of
the channel usage must use the very channel to transfer control information.
In extreme cases the channel may be completely wasted by the control
bureaucracy. If a non-adaptive sharing policy is selected the channel will be
underutilized with many "empty” slots which have been reserved for dormant
users. Pollution, bureaucracy, underutilization and the like, are typical
prodblems faced by the PRNET community. In what follows we shall describe
some of these problems in more detail.

1. The probiem of access schemes

The algorithm through which s PRU decides whether he has a
right to transmit a packset or not, during a given slot, is called the

access scheme,

[ABRA73, ABRA73a, KLEI76, ROBE73, TOBA7S, SCHO76, HAYE?7]).

2. The decision about access rights is distributed among the
community members. If the access scheme is to be adaptive, the
decisions must be made in real time (i.e., time between decisions is
of the same order of magnitude as transmission slots). The prodblem
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of access scheme is thus a typical problem of a real time distributed

decision algorithm.

3. The problem of routing

Routing is the mechanism to decide which packet goss where, at
any instant of time. Routing, again, is a typical problem of real

time distributed processing.

A few routing slgorithms for packet switching cable networks
have been explored and implemented [GERL72, GALL77, McQU78].
Yet, the problem seems to be far from possessing a complete
solution. For instance, consider an adaptive routing algorithm
where network members exchange routing dats in order to be able
to adapt. When the network is heavily loaded, should the rate of
routing data exchange, increase or decrease? (Heavy traffic is
when fast adaptivity is required; it is desired that status data be
updated rapidly. However, hufy traffic is when the
communication resources are critically required; it is desired that
they should not be losded with control overhead.)

4, Capacity

The distributivity of bdoth state observations and decisions,
restricts the abdility of the network to cope with the decision

prodblem. Some channel and some time will be wasted to transfer
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control and coordination data. Another form of time and channel 9
waste occurs because the decisions taken by the network members
are not optimal [KLEI77). The problem of characterizing the limits -
on the network ability to deliver traffic, is the problem of capacity.

The prodlem is twofold. First, which fraction of the channel
capacity (which is available in the sense of information theory)
can be actually used? Second, which allocation control policies

obtain the capacity bound?

§. Analysis of delay-throughput per formance

| From the point of view of queueing theory, PRNETs are but a large
network of interacting queueing processes. Unfortunately the
interaction between the different service mechanisms, through
the shared channel, poses a difficult queueing problem. The
queueing processes can no longer be assumed to be independent.
The arrivals to one queue depend upon its service process, as well
as service processes at neighboring queues. In addition work is not
conserved dut lost through collisions. The interaction can not be
eliminated through some simple Jackson-like queueing networks
[JACKS7]. On the contrary, interaction becomes the essential

feature to be captured by any reasonable model.

Thus we face a queueing problem which is an order of magnitude
more difficult than queueing problems whose solution we know.

: 4




----------------------------

utmmmuammumphdummwdmoutnﬁthoam
issues. Figure 1.2-3 depicts a business configuration and a ssquence of channel
events for & typical one-hop PRNET.
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Figure 1.2-8: Typical Business Configuration

The first problem which the PRUs need to decide is: who should have access
rights? umoym.mmumwmmmwdmmm.mmmu
would have been directed to transmit and the others would remain silent. In
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the absence of a centralized control, if each PRU is aware of the precise
occupancy configuration, then it is possidble to employ a predetermined priority
mechanism to resolve the conflict of access right demands over the slot.
Unfortunately, the assumptions which we have just made are ideal. In practice
no PRU can observe the business configuration. Therefore a well orchestrated
decision of access rights can only be achieved at the price of time and channel

overhead required for coordination process.

V\(hat if each PRU knows nothing at all about the‘naods of his colleagues? In
this case, to prevent an infinite succession of collisions over the channel, it is
required to reserve some portion of the channel to each PRU according to a
predetermined set of rules. One such rule is round-robin Time Division
Multiple Access (TDMA), i.e., round-robin possession of slots. If the traffic is
heavy, this rule provides an excellent solution. However, if the traffic is
bursty most of the channel is wasted in silence and queuneing delays are

unreasonably high.

Another solution to the 'problem of no information is to randomized the
decision between transmit or not. Each PRU is equipped with a biased coin;
when he is busy, he tosses the coin and decides whether to transmit or not,
accordingly. This scheme is a version of the Slotted-ALOHA policy [ABRA73].
Randomization is employed to render lengthy successions of collisions unlikely.
There is still an implicit decision problem; namely, how to assign transmission
probabilities to the coins. In the absence of any further information it is
required that the transmission probabdilities be as small as 1/N (N is the total
number of PRUs), to be able to cope with the worst case of a fully loaded system.

13
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Unfortunately the expected delay is large and channel slots are wasted in both
collisions and empty slots. Thus it is necessary to employ further information,
if the system is to be efficient. The transmission probabilities should be adapted
to the state of the system. The need to adapt requires a control mechanism to
exchange information and coordinate the distributed decisions, leading to a
whole class of controlled ALOHA policies

[LAM74, FERG?7S, CARL?7S, FAYO77, GERL77).

Between no information and perfect information, a spectrum of information
structures exists. It is possible to consider an intermediate information
structure and search for the optimal adaptive policy to decide access rights on
the basis of this information. For instance, suppose the PRUs are aware of the
aumber of busy PRUs but not of their identity. What then is the best decision
rule? This particular information (i.e., the number of busy PRUs) is assumed by
some controlled ALOHA policies. However, as we shall see, the optimal ALOHA
policy is not the best decision rule, given that information. In fact we shall
derive the optimal solution and use it to develop a new class of working
decision algorithms. Our algorithms use estimates of the total load to decide

access rights and exhibit smooth adaptivity to the traffic load.

Next comes the prodblem of capacity. Suppose we develop an algorithm to
decide access rights. Then how much traffic can the network handle? To
answer the question we can imagine an experiment where the level of traffic is
increased gradually, following some distribution of packet arrivals. At some
input rate the queues in the network can no longer be emptied by the service

mechanism. The queueing process turns unstable. A reasonabdle notion of

14




capacity is provided by the threshold input rate at which the network can no
longer sustain the traffic. Thus, the capacity problem is directly related to the
stability problem of the network queueing process. At what traffic level does
the queueing process become unstable?

Another way of looking at the capacity problem is to consider the network
under a heavy traffic, i.e., when all PRUs are constantly dusy. How much
traffic can the network service? The two views may produce two different
notions of capacity, as we shall see. This, seemingly paradoxical result follows
from the fact that there may be many paths by which the network may choose
to become unstable. Sometimes the optimal path to instability will turn only
one queue heavily loaded, while the rest are empty most of the time. Therefore
it is not necessary for the network to satisfy the heavy traffic assumption

when it turns unstable.

The most important performance measure for a network is its
delay-throu;hput behavior. What is the expected delay as a function of the
throughput? This question as well as the following questions are the subject of
analysis of the queueing processes in the network. How long are busy periods?
What is the effect of changing buffer sizes or their allocation?

Consider the queueing process in the buffer of a generic network membder.
The access scheme is merely a service process which enables the PRUs to share
the server (channel). However, through collisions, the different queues
interact and lose service time. The network gueueing process is not work
conserving; the amount of work which is required to serve a packet depends
upon the state of the queues. In fact, the whole idea of channel sharing is to




employ the channel according to the service needs of the users. The analysis of
the delay-throughput performance of even simple access scheme models poses
very difficult mathematical problems. It is possible to simplify the models to a
point where interaction between “.“ queues is completely ignored. Howwever,
when we seek to understand the effects of collisions on the performance, we

have to face the problem of interaction.
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1.3 SCOPE. OF THIS WORK

1.3.1 THE APPROACH

.PRNETs are large scale systems whose behavior is determined by numerous
parameters. The problem of modeling and analyzing the performance of the
communication protocol resembles the many-body problem of physics. That is,
we try to solve for the behavior of the system from the behavior of its atomic
components. However, whereas physicists are interested in description we are
in an urgent need of prescriptions. Particles have a built in interaction protocol
to minimize the total energy of a physical system; PRUs are yet to be endowed

with a communication protocol to minimize the overall expected delay.

Problems of modeling, analysis and optimization of decentralized decision

mechanisms seem to have no satisfactory solutions yet (see the recent special
publication of the /EEE Transactions on Automatic Control, Vol. AC-23, number 2,

April 1978, dedicated to these problems). To quote the conclusions of the major

survey article [SAND78] (ibid.):

*Our most fundamental conclusion, after surveying a vast amount
of literature, is that.... the question of what structures are desirable
for control of large scale systems has not been addressed in a truly
scientific fashion. In our opinion, we do not believe that the existing
mathematical tools ....are powerful enough to define a preferable
structure for decentralized and/or hierarchical control. First, we do
not believe that it is reasonable to seek a single best optimal
structure. Rather, any future methodologies should strive to define
sets of distributed information and control structures that are
preferable to others. Second, a unified theory of decentralized
control should explicitly include not only traditional index of
performance... but in addition

a) the cost of communications

b) reliability issues

17
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c) thecost of computer interfaces q
d) the value of incomplete and/or delayed information

e) aformal measure of system complexity.

A difficult problem of choice confronts the researcher. On one hand it is

To develop such a desirable methodology we may have to develop Q
different notions of optimality, principles of optimality and notions o
of optimal solutions." o

4

required to deliver practical solutions for the problems. On the other hand our

ability to analyze the performance of a communication protocol is very limited.

A compromise is a necessity. We feel that no better words could describe the
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underlying convictions that lead to our choice of a compromise, than the above

quotation. Few additional words are required to describe our specific choice of

compromise,

First, we have tried to choose models which are as simple as possible to
s capture the features of interest. This choice reflects cur conviction that at this

stage of knowledge, principles and approaches should be developed rather than

complex insoluble models. We have tried to make the models transparent for
the clarity, applicability, and elegance of a solution is an inverse function of its
complexity. Second, in presenting the problems, assumptions and solutions, we
have tried to expose all sides of the problem not only those captured by a
particular set of assumptions. The solutions are supplemented by discussions of

practical implementation, limitations and open problems. This reflects our

belief that at this stage of knowledge any attempt to present a simplistic
solution to one aspect of the problem, which ignores other intrinsic problems is.
misleading. Third, most of the solutions were first derived mathematically and !

18
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only then understood on an intuitive basis. In pressntation we prefered a
reverse order. We have tried to avoid a “theorem-proof” approach for we
believe that Hilbert's plan to represent mathematics as a collection of formal
objects, was not meant to include prodlems of engineering. An exception is
chapter four; the problem of interacting queueing processes ssems to require a
complex mathematical machinery which we coulu only reduce to a set of
drawings. While this reduction is a great simplification of the problem, further
study is required for the solution to be fully understood (“engineeringly
speaking").

To summarize, the approach we have chosen is to expose the full scope of the
problems and point out alternative methods of attack, as well as difficulties
which can not be properly addressed by existing methodologies.

-...!




1.3.2 ADAPTIVE ACCESS SCHEMES

The probdlem of adaptive access schemes is considered in chapter two. Our
point of departure is the information which is used for decision of access rights.
We characterize some typical categories of information structures used for
distributed decisions. Then we assume a particular setting where sach PRU is
aware of the total number of "busies” and uses this information only, to
determine the access right. This we call symmetric homogeneous information;
it is more than no information (much more as far as ability to adapt goes) and
less than perfect information (much less as far as control overhead is
concerned); also, some versions of controlled Slotted ALOHA require precisely
this information. Under this assumption we develop an optimal stationary

access policy.

We call our scheme: the Urn schkeme, for, as far as each PRU is concerned, the
system looks like an urn with black (for busy) and white (for idle) balls, from
which a number of bdalls is to be drawn to maximize the probability that the
sample contains precisely one black ball. The ura scheme performs bdbetter than
optimally controlled slotted ALOHA and better than TDMA. Under light traffic it
performs similarly to ALOHA; as the traffic increases it converges smoothly to
TDMA. In particular, there is no limit on the useful capacity of the channel;
when the load increases “collisions” and “"empties” are virtually eliminated and

the full capacity is being used.

The ideal urn scheme may be approximated by a number of practical
implementations. We show how symmetric information may be practically

acquired at & minimum cost in terms of control overhead (i.e., the amount of

20
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channel control overhead does not depend upon the size or the topology of the
PRNET, it is fixed). Urn schemes permit collisions and errors on the part of the :
decision makers. They are robust vis-a-vis both type of problems, errors in ~i
estimating the number of busies and errors resulting from unconcerted
distriduted decisions.

The performance of the urn scheme has been both analyzed and measured
from simulation. We examine the results, comparing the performancs of Urn
schemes to that of TDMA, optimally controlled Slotted-ALOHA and Perfect

schedullng (lower performance bound).
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1.3.3 INTERACTING QUEUEING PROCESSES

The problem of interfering queueing processes is the subject of the third and
the fourth chapters. We consider the problem in a limited setting of two
interacting PRUs. However, the considerstions are general enough to serve as a
basis for solving general problems of interacting queues in discrete time. (it is
possible to generalize the methods that we develop, to solve the general discrete
time G/G/2 problem. This will represent a major contribution to queuneing
theory and is particularly significant in the context of interacting queues in

computer networks.) Work towards this goal will be carried in the future.

In chapter three we consider approximate methods to solve four different
interaction models of two buffered PRUs. The models are ordered by the level
of interference between the arrival and the transmission processes at the two
PRUs. The fourth model represents a *maximal interference” model (i.e., the
two transmission processes interfere with each other and with the two arrival
processes, which again interfere with each other) for which an exact solution
is derived. The solution extends to a maximum interference model for any
aumber of PRUs. The maximum interference model possesses some interesting
singular features. Namely, it is possible for the network to choose a

transmission policy which obtains perfect scheduling, because of the structure

of the hearing topology.

"l'he main finding of chapter 3 are: first, that simple mathematical
approximations which eliminate the dependencies between the queuneing
processes (so that they may be solved as a collection of one-dimensional
queueing probdblems) do not provide good results. This category includes
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heavy-traffic, low-traffic and diffusion approximations. Moreover, we do not
possess any mathematical method to determine the domain of applicability of
the approximations. Therefore, a suitable mathematical approximation can only

be developed by examining the exact solution of the two-dimensional problem.

Second, physical approximations (i.e., thoss which are obtained by solving
for perturbed inter ference topologies) can provide an excellent approximation to the
delay-throughput analysis. The topology of interference may be partially
ordered by "increased interferencs” between PRUs. for the case of two buffered
PRUs, beyond a certain “interference threshold” the delay-throughput
performance curves were identical (i.e., the delay-throughput performance is
not sensitive to perturbations of the topology of interference). Therefore, since
the extreme model of maximum interference can be solved exactly, its solution
can serve as an excellent spproximation to other models which sxperience less
interference. The existence of threshold bshavior for larger system will be

explored in the future.

We use Kingman's algebraic representation of queueing theory [KING63] to
show that the two dimensional queueing problem can not be solved using the

methods of classical queueing theory. A new approach is required.

In chapter four we develop new mathematical tools to solve the problem of
interaction. The method is essentially a Wiener-Hopf technique over some
general Riemann surfaces. The connection between problems of boundary value
problems of classical physics and boundary problems of random walks (which is
what queueing theory is all about) is the basis for the solution of one

dimensional queueing prodblems. In two dimensions the problem becomes much
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more difficult and it is required to employ tools of algebraic geometry to solve

it.

True, from a theoretical point of view the problem is solved. However, from
a practical point of view the solution algorithm is too complex to generate
important information about the behavior the system. Nevertheless the road is
now paved to develop a systematic method of approximating the solution under
some asymptotic conditions such as heavy traffic. Further work in this

direction is in progress.




1.5.4 CAPACITY PROBLEMS !
The fifth chapter is concerned with problems of capacity. We consider the

capacity problem for a tandem. The first problem is to define the notion of
capacity precisely. If we choose to define the capacity as the threshold input
rate at which the queueing processes turn unstable, we get a definition which
agrees with our needs, but which is not too useful as far as actual computation
is concerned. For, unfortunately, very little is known about the stability of

multi-dimensional Markovian processes.

Another approach is to try and define some special notions of capacity, based
upon the expected behavior of the network as the load grows. A typical
assumption is the heavy-traffic assumption. Namely, we wish to compute the
stability threshold when all queues are kept busy all of the time. The heavy
traffic assumption reduces the capacity problem to that of solving nonlinear

recurrence relations,

We solve the recurrence relations for the tandem through a linearization
trick. We compute the he&y traffic capadty of a tandem as a function of its
length and its asymptotic behavior as the tandem becomes infinitely long. The
solution process may be easily applied to tandems which are connected to form

more interesting network structures.

Next, we find .that the heavy traffic capacity is indeed a lower bound on the
capacity of the tandem. The actual capacity is about twice as much, and may be
achieved through a “rude” behavior where each PRU transmits with probability
one when it has a packet. The ability of the network to sustain such a policy,
without getting into an {nfinite succession of collisions and complete blocking,
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" is a direct result of the singular structure of the tandem hearing topology.
Other singular hearing topologies are presented. -

Ancther approach to the problem of capacity is to examine policies which
optimize throughput. This spproach views the capacity bound as that which
results from the restriction of the class of available policies. Therefore the
results which may be odtained can be expected to be of a more general nature.
Our idea is to replace the notion of a centralized objective with that of a

decentralized objective. We employ ideas taken from mathematical economics

to define a notion of “decentralized optimality”. We obtain necessary conditions
for a policy to dbe optimal, in the form of a "rule-of-thumbd”. We show that the
optimality conditions include Abramson's characterization of optimal 4
Slotted-ALOHA transmission policies [ABRA73], as a particular instance of the ]
rule when the traffic is heavy. In particular, our conditions yield identical
heavy-traffic capacity results for one~-hop networks. Moreover, the optimality
rule also characterizes the optimal Urn-scheme and the optimal (rude) tandem

behavior. Therefore, the rule has a wide range of applicability.

The optimal decentralized policies are characterized in terms of Lagrangian
multipliers which represent the global "value” of a successful slot usage by
network members, each member having a pre-assigned value. If a global
coordination scheme is being used to coordinate the values, then together with
the local optimality rule an effective hierarchical access control algorithm may
be implemented whersdy local decisions require only the information contained
in the acknowledgments and the "values”, to decide their access rights. It is

shown that the necessary conditions characterize both optimally controlled




ALOHA and the optimal Urn scheme. Thus both mechanisms may be
implemented in terms of a unified rule of behavior. This striking -generality

will be explored in future work. —'d
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= 14 FUTURE RESEARCH
1.4.1 ADAPTIVE ACCESS SCHEMES

;ﬂ The prodblem of designing practical adaptive access schemes for a multi-hop
network needs to be further explored. In the absence of a suitable decentralized
decision theory, we took a practical approach towards the problem. Other

solutions should be developed before a suitable theorotical basis may be

.
3

p .
b,
-

established. In particular, one would like to have a quantitative model of
; "real-time” decisions, the class of all decentralized strategies, the process of
decomposing the decision algorithm into hierarchical decision environments

and the process of information exchange and coordination of decisions.

: From a theoretical point of view, one would like to have a suitable theory of
a team decisions. Computer networks are already turning from yet "just
packet-switching mechanisms" into decentralized processing mechanisms,
which employ the distributivity of the communication and processing to
achieve a common goal. For example, networks of distributed sensors which
. will employ the communication and processing capabilities, to integrate sensors
observations into a distributed tracking algorithm, are currently under study
[CMU78). Such networks may be considersd as communities of intelligent
automata which may cooperats towards a common goal. The problem of
adsptive access schewes is but an instance of the problem of community
decision-making in real time. One would like to have a theory which can guide

us towards efficient soclutions to the general prodlem.

28




----------

1.4.2 ANALYSIS OF RESOURCE SHARING PROCESSES .
Thcrrieooftntemgenuumnyucnuiuwm-t&motothc.
m in particular communication resources, is increasing. m-cuw
‘Tesource sharing algorithms can be implemented in terms of
computer-controlled decision mechanisms., The problem of analyzing the
performance of interfering queucing processes is a key to the understanding of
sophisticated sharing mechanisms. Classical queuing theory does not provide a
sufficient set of tools to solve the problem of interference. This has been our
major mmmmm;m.wumm-mue-nmot"
PRNETS. |

Future research should be earn.d out to generalize the mathematical
machinery to attack the general interference problem. The idea should be to
develop a sufficient understanding of the geomsetry of the mathematical
problem so that practical approximate solutions can be carried out with some

" The effort should be directed towards an "algebraization” of the interference
problem, and towards a physical interpretation of the solutions.
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1.4.3 THE PROBLEM OF CAPACITY
Our discussion of capacity has two objectives. First, to explore possible
definitions of the capidty notion in a multi-hop environment. Second, to

explore the combinatorial structure of the notion of capacity.

Future research should be carried out to explore the relation between the
geometry of hearing and capacity (see [SYLV78] for many interesting results in
this direction), between the routing mechanism and the capacity and to define a
notion of point to point capacity in a PRNET. A deeper problem is that of
establishing necessary conditions for stability of interfering processes so that a
more accurate notion of capacity can be developed (rather than the heavy-

traffic capacity which we use).

A prodlem which is completely open is to characterize the intrinsic
limitations on channel usage which are imposed by the distributivity of the

information and decisions required to resolve the conflict of access rights.

A possible approach i3 to replace the notion of centralized optimality with a
family of decentralized performance criteria which approximates the glcbal
objective monotonically. For instance, start with the notion of Pareto-optimal
[LUCEG7] throughputs and consider the allocation of slot "value" to different
PRUs, as the index of decentralization. If the family of optimal behaviors can be
indexed by a proper "decentralization” parameter, then we should be able not
only to solve the general problem of capacity but also, we could develop optimal

decentralized allocation policies.
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i 1.4.4 SUMMARY

‘ ' The problem of decentralized adaptive control mechanisms in general, and the
t. problem of adgpuve ﬁécentrallzed allocation control of spatially distributed
; resources in 'parucular. will most probably be among the most important
problems which dominate the field of computer networks, Future ressarch

should concentrate in developing both practical solutions, as well as solid

methodologies to analyze and optimize the performance of the control policies.
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2. ADAPTIVE ACCESS SCHEMES.

- 2.1 THE PROBLEM OF AN ACCESS SCHEME.

2.1.1 PRNETS POSSESSED BY A DAEMON.

Let us consider a PRNET serving a population of users, whose demand for a

communication-path service is random. The communication protocol is _"_q

responsible for the control of the allocation of the channel resource, i.e.,

time#bandwidth, among the demanding packets. The allocation policy consists

of the following decisions:

1. Which PRUs may transmit at each moment? We call this decision

the access right.

2. Which packet in each eligible PRU gets transmitted? We call this

decision the priority scheme,

3. For each transmitted packet, to which PRU is it routed? We call

this decision the routing decision.

The objective is to minimize the expected delay of packets.

We use the name access scheme to designate the algorithm responsible for the
first decision. In what follows we ignore the priority assignment completely
and touch the routing decision only superficially. Both problems are

understood in some limited sense. Moreover, in the context of PRNETSs the first

decision seems to be the crux of the design problem. Our main concern,

therefore, is the problem of designing an access scheme.
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Any access scheme is basically a scheduler of the communication channel
[KLEI7?7]. That is, a service algorithm for communication path demands. The
allocation of channel] access rights to the different PRUs poses five major
problems:

1. Resource waste:

The transmission of one PRU may be "zapped” by the transmission
of another. Therefore, if two conflicting PRUs decide
simultaneously that they have access rights, the channel is wasted
in a “collision". If, on the other hand, each busy PRU decides that he
does not possesses an access right, then the channel is wasted in

silence; i.e., an "empty” slot.

We consider collisions and empty slots (that is, only those empty
slots that could have been used) to be allocation errors. Both error
types stem from a disparity between the allocation of access rights
and the demand for those rights (as reflected by the business

configuration).

2. Bursty traffic demands:

The demands for a communication-path service are random and
bursty. Therefore it is impossible to establish a predetermined
policy for allocating access rights which meet future demands
properly. That is, any predetermined decision mechanism

introduces many allocation errors (i.e., collisions and empties)
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because of the unpredictable state of demands.

3. Distributed state information: *
_—

r

The information about the instantaneous state of the :
communication demands is distributed among the PRUs. A typical jf;'.:_
network member possesses only a limited information about the i

needs of his comrades. Therefore, the information required for :  ;

perfect decisions (1.e., perfect scheduling of the demands with no

allocation errors) is not available a-priori to any decision maker.

4. Coordination:

A decentralized decision mechanism requires that the different
PRUs coordinate their individual choices of strategy. Even if all
PRUs have had perfect state information, they would still produce
allocation errors if they do not coordinate their individual
decisions. The situation is similar to that which arises when two
people try to cross a narrow door without coordinating their
movements; if both are polite (i.e., choose an "after you" policy)
the door is left empty; if both are "rude” (i.e., try to push their

way) they collide at the door, no one crosses.

5. Information exchange is expensive:

To solve the problems of distributed information and coordination
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of decentralized processes, the PRUs may wish to exchange control |
information. An information exchange process may be expen-ive
in terms of both delayed decisions, and consumption of the very
communication resource, that we wish to utilize by the control

overhead.
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In short, it is required to have a demand-allocation service algorithm, but the
ability of the PRNET to process such an algorithm is limited by the
distributivity of both the information required for decisions and the decisions

themselves.

To develop some insight into the problem, let us examine a few idealized

approaches to the solution.

The first approach is to employ the services of a daemo